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Studying how marine organisms make tough biologic materials that autonomously heal 
allows us to integrate this biological self-healing motif into synthetic biomimetic 
polymers. These types of polymers will be used to develop components with greater 
fatigue life and toughness, promoting greater resource sustainability by reducing plastic 
consumption. The amino acid 3,4-dihydroxyphenylalanine (DOPA) grants marine 
mussels the ability to strongly affix themselves to the rocks under water by forming 
strong reversible bonds with their environment. Poly[(3,4-dihydroxystyrene)-co-styrene)] 
(P[3,4-DHS-S]) is a synthetic polymer mimic of DOPA with chemical structure similar to 
polystyrene (PS) with a potential self-healing mechanism. This intrinsic self-healing 
mechanism works to toughen and reform bonds to inhibit or retard crack propagation 
without external stimuli and energy. This work investigates the critical stress intensity for 
propagating preexisting cracks induced by a Vickers indentation in P[3,4-DHS-S], and 
the effects that different cross-linking agents have on crack growth within the polymer 




supplemental information needed to evaluate any differences between using P[3,4-DHS-
S] as an alternative to PS in terms of environmental and economic sustainability. A 
systematic evaluation of P[3,4-DHS-S] with a DHS content of 0%, 3%, and 30% was 
evaluated with soluble and particulate crosslinking agents to provide the reversible bond 
pathway. It was found that that hydrogen bonding network provided by the catechol 
groups in the P[3,4-DHS-S] matrix is the dominant factor in providing additional 
toughness as compared to the crosslinking agents. The additional toughness of P[3,4-
DHS-S] can provide incentive for its use as a replacement of PS to make smaller and 
tougher components. The results of this study suggest a P[3,4-DHS-S] with 3% DHS 
component can be reduced in size by an estimated 38% without loss of mechanical 
performance when compared to one made with pure PS. However, a chemical impact 
assessment demonstrated an increase in environmental impact categories when compared 
to the production of PS alone. This negative effect will be reduced as the scale for 







CHAPTER 1. BIOLOGICAL INSPIRATION FOR SELF-HEALING POLYMER 
SYSTEMS FOR E-WASTE REDUCTION  
1.1 Introduction: Tracking Plastic E-Waste 
Electronic devices have become so commonplace that they can be found almost 
everywhere in everyday life. However, due to the complexity of the design of electronics, 
disassembly makes recycling difficult, so many eventually end up in landfills as 
electronic waste (e-waste). This e-waste also contains hazardous materials that cause 
harm to the environment, and human health. Additionally, many locations around the 
world lack the proper legislation or enforcement to properly deal with e-waste, placing 
the burden on individual citizens, corporations, or cities to figure out how to prevent e-
waste from continuing to cause long term harm to human health and the environment, 
particularly in developing countries.1 Therefore, society needs to address the economic, 
societal, and environmental definitions of sustainability of electronics. These efforts 
include: developing less harmful and more economic materials to be used in electronics, 
determine the best way to legislate or regulate what is done with electronics after 
consumers are done with them, and how people can make a profitable business on 
collecting and disposing of e-waste. Herein, we examine how self-healing polymers will 
play an integral role in global sustainability.  
Consumer electronics have high demand and a rapid turnover rate and are creating 




difficult due to the need to separate the multitude of different polymer chemistries, 
additives, and plasticizers. Plastic components from e-scrap augment recycling 
complexity due to the additional separation of plastic from hazardous materials. A choice 
is presented on how to handle e-scrap conscientiously without placing the burden on 
developing countries whose means of separation are hazardous to the environment and 
human health. Responsible e-scrap recyclers have methods of separating the plastic 
housing, primarily acrylonitrile butadiene styrene (ABS) and High Impact Polystyrene 
(HIPS), compact it, and ship it to be further processed or recycled. However, tracking and 
understanding the flow of separated plastic components from e-scrap demanufacturing 
operations in the U.S. to overseas plastics processors is still needed. The difference in 
end-of-life options for electronic waste is shown in Figure 1.1. Herein, we review what 
happens to polymeric components after they leave an e-waste recycling facility, the 
environmental impacts of electronic products and processes, and how end-of-life impacts 
can be reduced.  
 
Figure 1.1: Different end-of-life scenarios for electronic waste. Landfill in developing 





In consumer electronics, the use of polymers has a very high demand and rapid 
turnover rate. Plastics account for 33% of total e-waste by weight2 and global production 
estimated 7-8 million tonnes/year.3 This produces high grade polymer waste that is 
difficult to recover. The production of these materials requires high energy and has 
limited recyclability. There are at least 15 different types of plastics used in consumer 
electronics, but ~63% is composed of blends of ABS and HIPS4, as shown in Figure 1.2, 
so reducing the consumption of styrene based polymers is the most effective strategy to 
minimize plastic e-waste.  
 
Figure 1.2: Composition of typical plastic e-waste. 
 
There are two end-of-life solutions for plastic e-waste: landfill/incineration or 
recycled for remanufacturing. Plastics in landfills contaminate the groundwater, or when 
incinerated, releases dioxins and other hazardous materials into the environment.5 
Therefore, it is preferable to recycle the materials, but this is a nontrivial process. Manual 




remove any inorganic matter.6 Further difficulties arise when sorting polymer 
components by plastic type as many components utilize blends of different polymer 
chemistries and are not easily identified without the aid of equipment too expensive for e-
waste recyclers. There is a need to create an efficient, commercially viable, automated 
separation and recycling process for mixed e-waste plastic that reduces human health and 
risk exposures prevalent in the predominant current labor intensive sorting and recovery 
methodology. 
A schematic showing the separation of plastic from an obsolete computer is 
shown in Figure 1.3. Proper separation of different polymer types is essential if recycled 
polymers are used as a feedstock because a purity of 99% by polymer type will alter the 
mechanical properties compared to virgin materials. The separation by polymer type is 
accomplished either by density or melt flow rate of the different polymer types, but the 
differences of these properties among the different polymer types is very narrow as given 
in Table 1.1. In this table, it is shown that between HIPS, ABS, Polycarbonate (PC), and 
a PC/ABS blend, the density difference among this group is less than 0.05 g/cm3. Melt 
flow rate is measured as the mass of molten polymer flowing from an extruder after 10 
minutes. The conditions of this test is performed at a fixed temperature (> Tm) with a 






Figure 1.3: Life cycle of an obsolete computer and the steps required to repurpose the 
plastic components for remanufacturing 
 
Table 1.1: Typical Properties of Plastic E-Waste 
Plastic Type Density [g/cm3] 
Melt Flow Rate  
[g/10 min]  
(Test Conditions) 
HIPS 1.15 7.5 (200°C/5kg) 
ABS 1.18 17.7 (230°C/3.8kg) 
PC 1.20 15 (230°C/3.8kg) 




The commercialization of recycled high grade polymers is difficult because 
manufacturers do not use recycled plastic in their products. This is primarily due to the 
lack of market for manufacturers to use recycled material feedstock in their products, and 
recyclers do not produce enough clean recycled feedstock creating limited volume for 
use. This results in manufacturers preferentially using virgin over recycled feedstock in 
their products, as it is more economically viable. The situation creates a “Chicken-and-
Egg” scenario as it raises the question of which should come first: a market incentive to 
use recycled source material or an abundant supply of recycled feedstock to provide 
manufacturers. Both of these outcomes need to be developed concurrently, otherwise 
recyclers and manufacturers do not have an incentive to create and use recycled goods, as 
there isn’t business opportunity for growth. It is likely that the incorporation of recycled 
materials in electronics can only be driven by consumer demand.  
Due to the complexity of recycling polymers used in electronics, increasing 
recyclability of polymer components is a difficult means to reduce waste. However, 
sustainability can be improved by reducing the plastic consumption by creating tougher 
polymers. For example, by switching polymer chemistry to one that has higher strength 
and fatigue properties to ABS or HIPS, less plastic is consumed in the creation of that 
product. Not only will this drive less waste to landfill improving environmental 
sustainability, but less cost goes into creating these products promoting an economic 
incentive for manufacturers. We propose this can be achieved by incorporating self-





1.2 Improving Self-Healing Polymer Systems 
Polystyrene fractures in a brittle manner due to its low energy absorption upon 
impact.7, 8 Prior to crack growth, a process zone, often termed crazing, proceeds primary 
cracks.9, 10, 11, 12, 13 During crazing, there is localized yielding near the crack tip forming 
load bearing fibrils that span the surfaces of the polymer, and within this region, a 
primary crack will form, leading to catastrophic failure.12, 13 A common practice to 
increase the toughness of these polymers is to use a rubber toughening mechanisms to 
dissipate the fracture energy.14, 15 The rubber particles in the polymer matrix initiate 
multiple crazes at lower applied stress, and deform with the crazed matrix, providing 
stability against premature fracture.16 This toughening mechanism can be seen in Figure 
1.4. Depending on the adhesion strength of the rubber particle and the polymer, crack 
deflection toughening may occur where the crack deviates from its original path. This 
method could be utilized to preferentially direct the crack towards the elastomeric second 
phase. While this mechanism helps improve toughness, a self-healing mechanism has not 






Figure 1.4: Fracture of two glassy polymer systems showing low energy absorption of 
brittle polymers, and high energy absorption of toughened polymer systems.  
 
Self-healing materials respond to damage and potentially regain original 
mechanical properties. However, many self-healing polymers require the input of an 
external stimulus such as heating17, solvation, light18, or reintroducing monomer to fill 
damaged regions.19, 20 An ideal material would be able to continually respond to damage 
over the lifetime of the component without intervention or negatively affecting the 
material’s properties. Healing polymeric materials can refer to the recovery of 
mechanical properties such as tensile strength, smoothness, barrier properties, and most 
often, fracture toughness.19 Traditionally, the evaluation of the self-healing efficiency is 
done as the ratio of the property as a virgin material and after a healing event. While this 
is the most common method, it is not the only definition. When evaluating properties 
such as fatigue life, self-healing can be characterized as a reduction in crack growth 





1.2.1 Overview of the Field  
Polymers are split into two categories, thermoplastics and thermosets, and each 
type requires a different approach for designing self-healing motifs into the system. In 
brief, a thermoplastic can continually undergo melting and cooling without loss of 
properties or structure, and a thermoset chemically crosslinks forming a hardened 
material where melting the polymer will degrade the structure. Due to the simpler 
architecture, thermoplastics have greater chain mobility that self-healing systems can 
exploit. However, thermosets are more often sought after for structural applications, as 
they are more ridged and thermally stable due to the lack of chain mobility. The most 
common route for design of self-healing thermoset materials is the incorporation of self-
healing agents within a brittle vessel within the polymer matrix.  
Self-healing of thermoplastic polymers can be achieved by various methods 
including: interdiffusion of polymer chains, photo-induced healing, reversible bonding, 
and nanoparticles. Interdiffusion has be achieved via plasticizing with methanol22 and 
ethanol23 and was found to increase chain mobility and enhance wettability for surfaces 
of fractured Poly(methyl methacrylate) PMMA, which in turn, helped recover mechanical 
properties. However, it was noted that using ethanol plasticized the PMMA samples, 
leading to swelling and incomplete recovery. Photo-induced healing has been achieved 
with the photochemical [2 + 2] cycloaddition of cinnamoyl groups incorporated in 
PMMA.24 However, this strategy only effectively heals surfaces exposed to light, 
meaning internal cracks and thicker substrates will not heal. Chain mobility can be 
utilized to heal damage within the polymer matrix by the inclusion of reversible bonds 




polymer 25 or ionic bonds demonstrated by poly(ethylene-co-methacrylic acid) 
(EMAA).26, 27 Finally, as opposed to rejoining polymer chains, a unique variant of self-
healing involves nano particulates to fill cracks and flaws as they occur. Gupta et. al.28 
experimentally demonstrated theoretical models21, 29 that predicted the self-healing 
phenomenon of nanoparticle migration to craze regions of damaged polymer that work to 
maximize the nanoparticle-nanoparticle interaction by coalescing together to form 
‘patches’ providing strength to the damaged craze region.  
As opposed to thermoplastics, thermosets lack the chain mobility to rely on the 
same mechanisms for self-healing, but instead rely primarily on either delivery of 
monomer phase to a crack or the existence of an intrinsic mechanism for polymer chains 
to recombine. Embedded vessels to deliver monomer to the matrix can either be hollow 
fiber30, 31, 32, 33 or microcapsules.34, 35, 36, 37, 38 All of these systems respond in a similar 
method where a crack ruptures a vessel carrying a healing agent or monomer and the 
contents flow into the damaged region. The monomer fills the fracture area and reacts 
with healing or polymerization agents that cure the material forming a solid material 
returning mechanical strength to the system. However, the main drawback to this method 
is this works to heal the system only once. An ideal system would have the ability to 
continually heal over multiple fracture events.  
 
1.2.2 Lessons from Nature: Mussel Chemistry  
Damage to traditional engineering materials can be costly and/or require 




to damage from the environment through self-healing processes unlike engineering 
materials which require external stimuli for repair. The incorporation of these 
mechanisms seen in nature into synthetic systems have the potential for economic, 
environmental, and/or safety advantages over traditional engineering materials such as: 
increase the lifetime of service components and/or reduce the amount of material 
produced to provide replacement parts.  
Marine organisms such as mussels, oysters, and barnacles use specialized 
adhesives to adhere underwater, with the marine mussel being the most studied. Marine 
mussels’ ability to stick underwater stems from the cross-linking of the amino acid 3,4-
dihydroxyphenylalanine (DOPA) via chelation, oxidation, and radical generation.39, 40 For 
mussels in nature, studies have suggested that iron in the seawater may be essential in 
curing the glue and yielding the hardened material.41 Thus, the use of iron particles 
dispersed in the material may form iron-catechol complexes. DOPA may bind to iron 
(Fe3+) at a 3:1 catechol:iron ratio. In the iron-catechol complex, one catechol may 
undergo a one or two electron oxidation forming a semiquinone radical or quinones 
respectively, along with a reduction of Fe3+ to Fe2+ or Fe1+.42, 43 This reduction also forms 
nonreversible crosslinks within the glue. The mix of reversible metal chelation bonds and 








Figure 1.5: The proposed schematic for the oxidation of DOPA. The oxidized form can 
be reduced by a thiol-containing protein to obtain adhesive surface binding or can 
undergo metal ion templating or radical-radical coupling to form cohesive bonds within 
the bulk material. Figure reprinted by permission from Macmillan Publishers Ltd: Nature 
Chemical Biology (2011) 7, 579-580.42 
 
This natural phenomenon of marine adhesion has provided inspiration to 
incorporate this cross-linking mechanism in synthetic materials to provide a self-healing 
pathway. Experiments have shown a functionalized AFM tip with a DOPA molecule 
interacts with a titanium surface forming a strong fully reversible, noncovalent 
interaction.44 In this experiment, it was found that a ~800 pN force was required to 
remove the DOPA molecule off of the titanium substrate, which is comparable to a C-C 
covalent bond which has a rupture force of ~1600pN.45 Therefore, an iron-catechol 
complex has the potential to be a reversible bond that is the same magnitude in strength 
as a covalent bond. When incorporated in material, a crack could sever the iron-catechol 
complex, but would reform when brought in proximity to each other, thus recovering its 




1.2.3 A Biomimetic Self-Healing Polymer to Reduce Plastic Consumption 
Technical and practical issues arise from attempting to extract the adhesive protein 
from mussels as the animal does not produce appreciable quantities. Therefore, synthetic 
analogs are required for commercial or industrial use. Synthetic versions of DOPA have 
already been developed and investigated as adhesives and several iterations include 
thermoresponsive and photocrosslinkable bioadhesives.46 Poly[(3,4-dihydroxystyrene)-
co-(styrene)] (P[3,4-DHS-S]) is a synthetic mimic of the DOPA amino acid and has been 
shown to produce a crosslinking polymer network making it effective as an adhesive 
material.47 However, investigations in its use in structural applications as a replacement 
for styrene based polymers has yet to be demonstrated. 
Recently, research has been done to utilize this mechanism to develop self-healing 
hydrogels. Typically, these materials heal through the coordination of transition metal 
complexes with their polymer chains. These hydrogels are typically polyethylene glycol 
(PEG) functionalized with catechol groups.48, 49 However, since the focus has been on 
hydrogels for biomedical applications, no work has been done utilizing this mechanism to 
develop a self-healing engineering material.  
The curing mechanism of synthetic mussel glue can be expanded to create an 
intrinsic toughening mechanism and pathway for self-healing for polystyrene. It is 
hypothesized that when the sample is unloaded, the damage induced by crazing will be 
localized in regions dense with iron-catechol complexes severing those bonds. These 
bonds may reform and ‘heal’ the process zone, requiring additional energy to damage the 
process zone again to repropagate the main crack. This intrinsic self-healing mechanisms 






Figure 1.6: Path reformation pathway of the biomimetic polymer, P[3,4-DHS-S], inspired 
by the biologic pathway demonstrated by marine mussels. Here, stress produces cracks 
that sever a bond that can be reformed once stress has been removed.  
 
The end-of-life for plastic waste is difficult to solve and the problem is made more 
complex with plastic from e-waste. While it would be ideal to continually recycle plastic 
goods to meet consumer needs, the technical and economic challenges prevent this from 
being reality. The use of a biologically inspired self-healing polymer system would help 
reduce plastic waste by providing improved mechanical strength with less material. The 
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CHAPTER 2. STRUCTURE-PROPERTY RELATIONS OF A BIOMIMETIC 
POLYMER TO INHIBIT CRACK GROWTH COMPARED TO THEIR 
POLYMERIC ANALOGS 
2.1 Introduction: Modified Blister Test for Controlled Crack Growth  
A material’s toughness is defined by its resistance to crack growth. Glassy 
polymers systems undergo brittle crack propagation that is accompanied by localized 
yielding over a constrained region around the crack tip, termed crazing.  Crazes contain 
intricate polymer fibrils that are drawn out, connecting the two surfaces of the polymer.  
Once the fibrils reach a maximum extension length, a fracture crack is initiated and 
quickly propagates to failure.1  A method to increase toughness in these systems is to 
incorporate rubber particles in the polymer matrix to both initiate crazes at low stress and 
deform with the crazed matrix, preventing premature fracture.1 Controlled fracture events 
increases the energy absorption and longevity of the component, and is the primary 
mechanism for High Impact Polystyrene (HIPS) to be able to resist failure. Introducing a 
healing mechanism to repair damage at craze sites will provide greater stability to a 
damaged system, reducing or preventing further damage with continued use. A system 
that responds to damage regions by adding stability preventing catastrophic failure is a 
self-healing system. However, this healing mechanism deviates from traditional self-
healing polymers that repair after fracture has already occurred. Therefore a method of 




Biaxial flexure tests such as the ball-on-ball and ball-on-ring tests promote stable 
crack growth in brittle ceramic systems. These tests induce biaxial stress on a plate 
specimen supported by either a set of balls or a ring and centrally loaded with a ball.2 
Tervoort and Govaert used this test on glassy polymeric materials to evaluate craze 
initiation of polystyrene.3 However, this test setup is difficult to align, making the 
distribution of stress inconsistent. This problem is augmented when testing on small test 
samples.  
Biaxial loading conditions on thin films can be accomplished with a pressurized 
blister test to evaluate adhesion properties.4, 5 A thin film adheres to a substrate with an 
access hole that exposes the film to uniform pressure, resulting in film rupture or 
delamination.6 Modifying the film to a plate geometry with confined edges creates a 
mechanical test where a pressurized plate provides biaxial stress on the opposite sample 
face. This biaxial stress decreases radially outward from the maximal value at the center 
of the samples, lowering the stress at the crack tip as it grows. Crack growth is 
constrained, and therefore further growth is prevented. This mechanical test can be used 
to promote stable crack growth in thin plates and has been termed the “Modified Blister 
Test”.   
For the Modified Blister Test, a biaxial tensile stress (σ) is induced on a flat circular 
plate of constant thickness (t) and radius (a) with a uniformly distributed pressure (p) 
across the bottom surface of the plate. The maximum stress of the Modified Blister Test 
is given in Equation 1.7  In this equation, Poisson’s ratio (ν) is 0.33, corresponding to the 
accepted value of polystyrene. The term n is determined on the boundary conditions with 




edges are not allowed to deflect and therefore are fixed. This reduces the stress dependent 
to two factors: applied pressure and thickness of the sample.  
 
 Biaxial testing for brittle systems also has advantages of controlled testing within 
the bulk. This removes the edge conditions from the test and limits the stress to the 
loading area. For ball-on-ball and ball-on-ring tests, this means that only flaws within the 
testing volume are under stress, and that the largest flaw would be the critical flaw 
causing failure. By purposefully inducing the critical flaw with known geometry and 
tracking its stable growth rate, the stress for crack extension and critical failure can be 
determined. Furthermore, comparisons of crack growth retardation of preexisting flaws 
can be made for toughened material systems.   
 
2.1.1 Crack Growth of Sharp Indentations as Controlled Flaws 
The strength of a brittle system is governed by a combination of stress and flaw 
size distribution. By inducing a controlled indentation flaw, the failure point is 
predetermined with a defined geometry. Sharp indenters such as the Vickers indentation 
produce two basic types of crack pattern: radial-median and lateral.8 The crack evolution 
process during indenter loading and unloading is shown in Figure 2.1. Upon loading with 
a sharp indenter, inelastic irreversible deformation forms beneath the indenter tip. At a 
critical indentation load, a radial crack forms on tensile median planes that incrementally 




median cracks close up below the surface but simultaneously open up at the surface as 
the contact recovers its elastic component, which creates a second system of lateral 
cracks that are saucer-like cracks growing sideways from the base of the deformation 
zone.9 A pyramidal shape indent with a diagonal length, 2a, and radial crack length, 2c, 
remains after indentation.  
 
Figure 2.1: Evolution and morphology of radial-medial and lateral cracks showing a) 
radial-medial crack opening during indentation loading (+) and radial-medial crack 
closure and lateral crack growth upon indentation unloading (-) and b) geometric 
parameters of radial crack systems. Figure adapted from Lawn, B. (1993). Fracture of 
Brittle Solids, Cambridge University Press.9 
 
The extension of a brittle crack can be thought of as an energy-balance concept 
where the energy to create a new crack is dependent on the mechanical energy that favors 
crack extension and surface energy that opposes it. For a crack to propagate, the 
mechanical energy supplied must overcome the energy required to create two new 




and is dependent on crack depth, crack geometry, and applied stress. At a critical stress 
intensity the fracture toughness Kc is reached where crack propagation is favorable. For 
thin samples, Kc is dependent on sample thickness and decreases with increasing 
thickness. Eventually, Kc becomes independent of thickness, and becomes the plane strain 
fracture toughness, KIC for samples thicker than 2.5*(KIC/σy)2. The means a crack tip 
advances is divided into three modes: opening or tensile (mode I), sliding (mode II), and 
tearing (mode III). These three modes are distinguished by the direction of the force 
compared to the crack front and if they are perpendicular or parallel. This provides plane 
strain fracture toughness into three modes of fracture represented as KIC, KIIC, and KIIIC.  
Mode I fracture toughness, KIC, is the most common method and can be 
determined from the initial crack length induced by a Vickers indent.  However, there are 
a multitude of different equations that correlate Vickers indent geometry with fracture 
toughness, and many of these models are based on empirical data from ceramic 
materials.10 One of the differences in the models are the geometrical differences between 
half penny and Palmqvist cracks as shown in Figure 2.2. The half-penny crack is 
represented as a semi-circular crack that extends below the indentation and connects two 
collinear cracks as a single plane. At light indentation loads, median crack growth can be 
suppressed, and only surface radial or ‘Palmqvist’ segments form.9 Palmqvist crack is 
characterized by individual semielliptical cracks originating at the diagonal tips and does 
not span underneath the indent.11  A method to evaluate fracture toughness using 
Palmqvist cracks is shown in Equation 2 and 3 and was proposed by Shetty et. al.12 This 
method collates the Palmqvist crack resistance, W, with hardness, H, and a geometric 




the summation of the crack lengths defined as l in Figure 2.2.  The hardness, in MPa, is 
determined by the diagonal length of the indent, 2a, and the indent load, P, as 
H=18.19*P/2a2. Finally, the constant β can be reduced in terms of the indenter geometry, 
ψ, and Possion ratio, ν.  For ν=0.33 for Polystyrene and 2ψ=136° for the Vicker’s 





Figure 2.2: Morphology differences between the Half-penny and Palmqvist cracks. Both 
cracks have a diagonal length of 2a, but the crack length of the half-penny crack is 2c and 
the length of each Palmqvist crack segment is l. 
 
2.1.2 Biomimetic Approach to Inhibit Crack Growth 
In glassy polymers, localized yielding near the crack tip, termed crazing, aligns 
polymer chains and produces microcavitation that precedes fracture. This crazed region 
envelops the crack tip in what is termed an active or process zone.13 There is potential to 




region prior to failure. Once the damaged process zone is healed, additional mechanical 
energy is required to repropagate the crack when cyclically loaded.   
Poly[(3,4-dihydroxystyrene)-co-(styrene)] (P[3,4-DHS-S]) has potential for a self-
healing material. P[3,4-DHS-S] is a simplified mimic of the amino acid 3,4-
dihydroxyphenylalanine (DOPA), with a structure similar to polystyrene and is shown in 
Figure 2.3. The catechol groups of P[3,4-DHS-S] binds with metal ions to form reversible 
crosslinking bonds. Under tensile load, the polymer-metal crosslinks separate in the craze 
region, and reform when load is removed.  This bond reformation pathway heals process 
zone cracks near the crack tip. This additional mechanical energy is required to reform 
the process zone before a critical crack can form, leading to catastrophic failure. A 
schematic showing a sample with a process zone around a crack tip and the interaction of 
P[3,4-DHS-S] with metal ions to form the self-healing pathway is shown in Figure 2.4.  
 
Figure 2.3: The chemical structure of P[3,4-DHS-S] a simplified polymer mimic of 
marine mussels showing 3,4-dihydroxystyrene P[3,4-DHS-S], the mimic of DOPA, and 







Figure 2.4: Schematic of  the proposed self-healing mechanism sample of  P[3,4-DHS-S] 
showing a) a sample with a crack whose b) crack tip has a process zone where c) the 
interaction of the polymer metal complexes that work to within this damaged region to 
repair and prevent failure and finally d) the polymer chemistry. 
 
Herein, we used a systematic approach to test this polymer alone along with 
multiple crosslinkers.14, 15, 16 These crosslinkers are metal chelation and/or oxidation 
agents to promote different crosslinking mechanisms. In addition to metal chelation 
bonds, crosslinking agents may also cause a catechol group to undergo a one or two 
electron oxidation forming a semiquinone radical or quinones promoting nonreversible 
crosslinks within P[3,4-DHS-S]. Schematic representation of the difference in the 
crosslinking mechanisms for P[3,4-DHS-S] is shown in Table 2.1. Specifically, we 
polymerized P[3,4-DHS-S], cast samples from the polymer, performed a low cycle 
fatigue test, and evaluated the fracture surface for crack growth patterns to determine the 




Table 2.1: Different crosslinking mechanisms in P[3,4-DHS-S].  
Crosslinker Type Bond Type Schematic 
Metal chelation  








2.2 Synthesis of Styrene Based Polymer Mimics 
During synthesis of P[3,4-DHS-S], a polymer composition of ~3 mole% 3,4-
dihydroxstyrene and ~97 mole% styrene is targeted as this produces a polymer that is 
essentially polystyrene and similarities in processing conditions can be maintained. For 
comparison, 30 mole% 3,4-dihydroxstyrene and 70 mole% styrene was also synthesized 
as this composition is more optimal for the adhesive systems.17 For this study, polymers 
were synthesized with catechol percentages within this range (2.5-5 mole%, and 30 
mole%) and a range of molecular weights (Mn ≈ 17,000- 35,000 g/mol, Mw ≈ 20,000-
50,000 g/mol) with low polydispersities, PDI (1.2-1.5). The molecular weights are 






Polystyrene (PS) was purchased from Sigma Aldrich of molecular weights of 
35,000 g/mol and 250,000 g/mol. The first PS sample compares with the Mw range of 
synthesized P[3,4-DHS-S], while the second PS sample was used to investigate effects of 
larger Mw. Purchased samples of polystyrene were used rather than synthesized to 
maintain consistent material and molecular weight.  
 
2.2.2 Synthesis of Poly[(3,4-dihydroxystyrene)-co-(styrene)] 
Styrene and 3,4-dimethoxystyrene monomers were purchased from Sigma 
Aldrich. Styrene is inhibited with 4-tert-butycatechol and column chromatography is 
used to separate monomer and inhibitor. In short, styrene is purified by running the 
monomer through a column with oven dried alumina and potassium carbonate. 3,4-
dimethoxystyrene is inhibited with 1% hydroquinone and is purified by washing the 
monomer in 1.0M sodium hydroxide, washed with deionized water, dried with 
magnesium sulfate, filtered, and held under vacuum for 24 hours.  
All syntheses were performed under an argon atmosphere using standard Schlenk 
techniques. Anionic copolymerization of purified styrene and 3,4- dimethoxystyrene was 
initiated with n-BuLi. The resulting poly[(3,4-dimethoxystyrene)-co-styrene] was washed 
with cold methanol rinses to remove any residual monomer18. Without the methyl 
protecting groups on poly[(3,4-dimethoxystyrene)-co-styrene], catechol will cross-link 
over time. Therefore, direct synthesis of P[3,4-DHS-S] is not performed. 1H NMR, GPC, 
were conducted on the protected copolymer to determine monomer incorporation and 




deprotection of the methoxy groups. The reaction was quenched with methanol, then the 
polymer solution was precipitated and washed with a solution of 1% (v/v) HCl in water 
to yield P[3,4-DHS-S]. The disappearance of the methoxy peaks by 1H NMR confirmed a 
successful deprotection.  
 
 
Figure 2.5: Reaction scheme to polymerize styrene and 3,4-dimethoxystyrene to 
poly[(3,4-dimethoxystyrene)-co-styrene] which was subsequently treated with boron 




The backbone composition and purity of poly[(3,4-dimethoxystyrene)-co-styrene] 
was determined using 1H NMR spectra recorded on a Varian Inova-300 MHz 
spectrometer. Molecular weights were found by gel permeation chromatography (GPC) 





2.3 Methods for Modified Blister Testing 
2.3.1 Sample Preparation 
PS and P[3,4-DHS-S] were solvent cast into circular plates for the Modified 
Blister Testing. A solvent casting procedure was chosen because the catechol groups on 
P[3,4-DHS-S] are prone to oxidation at elevated temperatures in atmosphere. 
Furthermore, a laboratory scale polymerization batch yields ~10 grams of polymer, so a 
mechanical test method that requires minimal polymer consumption is needed maximize 
the useful data per polymerization batch. Therefore, a solvent casting method in an inert 
environment was utilized to meet these criteria.  
Polymer solutions of 37 wt% in toluene are prepared for casting. Samples with 
crosslinking agents are added with crosslinker to 3,4-dihydroxystyrene mol ratio of 1:3. 
Crosslinkers come in two forms: particulate and soluble. Particulate crosslinking agents 
used herein are magnetite and spherical iron particles and are mixed into the polymer 
solution prior to casting. Black iron oxide (Magnetite) with a particle size of 2-4 um as 
specified by the vendor was purchased from Chemicalstore and spherical ferromagnetic 
iron powder with a particle size of 2-3μm as specified by the vendor was purchased from 
Polyscience, Inc. Soluble crosslinking agents is the termed given to systems that are 
dissolved in a 1:1 mixture of ethanol and toluene and added to the polymer system. The 
soluble crosslinking agents used herein are tetrabutylammonium periodate (TBAIO4), 
Iron(III) nitrate (Fe(NO3)3), and Gallium(III) nitrate (Ga(NO3)3) dissolved in a separate 
mixture and added the polymer during casting. Synthesis of tetrabutylammonium 
periodate followed a published procedure19 and characterization was accomplished with 




determinations. Iron(III) nitrate and Gallium(III) nitrate were both purchased from Sigma 
Aldrich.  
Aluminum thermogravitational analysis (TGA) pans (Thermal Support), 2.7 mm 
in height and 6.7 mm diameter were filled with polymer solution. Samples were sealed in 
a 150mL Erlenmeyer flask with side arm and purged with argon. Sealed flasks were 
placed heated in an oil bath at 150°C and heated to 200°C over 20 minutes. At 200°C, 
vacuum was pulled on the samples to remove residual solvent within the polymer melt. 
Samples were slowly cooled to 150°C before removal from the oil bath. This procedure 
was repeated four times each adding a layer of polymer to the sample. For samples with 
soluble crosslinking agents, they were added in-between each polymer layer under argon 
while in the molten state.    
After casting the sample, the bottoms of the aluminum TGA pans were removed 
by polishing with 320 grit SiC paper. The polymer samples were then remelted under 
vacuum and slowly cooled to room temperature to remove any residual stress with the 
polymer matrix. Each sample was polished with 600 grit SiC paper to a uniform 
thickness of 1 ± 0.1 mm. Samples were inspected via optical microscopy for a uniform 
surface and samples that did not meet this criterion were rejected.  
 
2.3.2 Application of Pressure 
Each sample is held in place by a custom circular sample holder. A schematic of 
the sample holder is shown in Figure 2.6. The diameter of the holder is 5.08 cm (2” in) 
and 5.72 cm (2-1/4”) tall with a 3.18 cm (1-1/4”) diameter hole centrally drilled 3.18 cm 




between two o-rings with an outer diameter of 0.79 cm (5/16”) that are pressed by the 
plunger preventing the escape of air from around the sample. An air bleed valve is drilled 
through the plunger that permits the flow of air out of the sample holder in the event of 
sample misalignment. Secured samples in the fixtures are subsequently connected to a 
compressed airline.  
 
Figure 2.6: Schematic and image of the sample holders for the modified blister setup.  
 
Uniform air pressure is delivered by a compressed airline feeding a constant 
pressure of 100 psi of air. A regulator was used to control the pressure between 50-100 
psi. A switch activates the desired pressure without a gradual workup in pressure and 
when deactivated, vents the air returning to a stress free state. Since air pressure is 
uniform, either single or multiple samples can be tested in parallel each subjected to 
consistent loads. The airline regulator and a multiple sample test setup are shown in 





Figure 2.7: Air pressure regulator for controlled stress on samples and test setup showing 
multiple samples in parallel  
 
For this study, unless otherwise noted, samples were loaded quasi-statically over a 
number of cycles with an air pressure of 75 psi and unloaded to 0 psi. Pressure was held 
for two 15 minute, one 30 minute, four 1 hour, one 20 hour segments for a total time of 
25 hours under load. At the end of each of these loading intervals, pressure was removed 
instantaneously to 0 psi for 15 minutes while the samples were removed from the fixtures 
and crack growth was evaluated. After the initial 25 hours of total testing, the pressure is 
increased to 100 psi for an additional 25 hours for a single cycle. Radial crack lengths of 
each samples were reported for 0, 5, 25, and 50 hours of testing. 
 
2.3.3 Evaluation of Crack Growth  
A controlled flaw is created in a sample by Vickers indentation. The surface 
contains s pyramid-shaped indentation with cracks evolving from the corners of the 
indentation. Indentation loads ranged from 200-1000 gram-force (gf), and were = in the 
center of the sample. A schematic of the sample in cross-section showing the crack front 




shown in Figure 2.8. Even without load, there exist some slow spontaneous crack growth 
from a Vickers indent over time as a result of environmental conditions20. To minimize 
this effect, testing was performed immediately after indentation.  
 
 
Figure 2.8: Schematic representation of crack advancement for a Modified Blister Test 
sample under biaxial load showing a) dimensions for thickness (t) and diameter (2a) 
under pressure (p). b) Top-View of a sample under biaxial tensile stress (σ) providing the 
driving force to advance the crack tip. c) Cross-section of an indented sample producing a 
subsurface crack. 
 
The crack length is defined as the summation from each crack tip to the center of 
the indent drawn in shortest straight line. In other words, cracks that deviate from the 
linear path from the indentation diagonals are not longer than straight cracks. To maintain 
consistency, the crack length of 2c is measured as radial crack length as demonstrated in 
Figure 2.2. This is done as it is hypothesized tensile loads on Palmqvist cracks will ‘pop’ 
into the half-penny geometry as the crack extends.11 Fracture toughness was determined 
from the Palmqvist initial crack length via Equation 3. Cracks are measured with optical 
microscopy using transmitted light to sharply contrast subsurface crack features. Samples 




the attempted samples is given in Table 2.2. Sample thicknesses, and subsequent 
calculation of the stress experienced at the indentation are also shown in Table 2.2. 
 
Table 2.2: Sample rejection rate, thickness, and resulting stress calculation of polystyrene 
and P[3,4-DHS-S] with and without crosslinking agents. Stress based on Equation 1 with 
air pressure of 75 psi and 100 psi.  










@75 psi 21 
Stress 
@100 psi 21 
PS 
0% 35,000 
0 of 5 0.94 ± 0.03 4.58 ± 0.32 6.11 ± 0.42 
PS + Fe3O4 1 of 6 1.04 ± 0.03 3.79 ± 0.25 5.06 ± 0.33 
PS + Fe 0 of 6 0.98 ± 0.02 4.20 ± 0.17 5.60 ±  0.22 
PS + TBAIO4 3 of 6 0.99 ± 0.02 4.14 ± 0.14 5.52 ± 0.19 
PS + Fe(NO3)3 0 of 5 1.03 ± 0.02 3.80 ± 0.12 5.07 ± 0.17 






0 of 6 0.99 ± 0.05 4.18 ± 0.39 5.58 ± 0.52 
DHS + Fe3O4 0 of 6 1.02 ± 0.07 3.97 ± 0.47 5.30 ± 0.63 
DHS + Fe 3 of 6 1.10 ± 0.07 3.38 ± 0.41 4.50 ± 0.54 
DHS + TBAIO4 2 of 4 1.03 ± 0.03 3.85 ± 0.22 5.14 ± 0.30 
DHS + Fe(NO3)3 0 of 5 0.99 ± 0.04 4.14 ± 0.35 5.53 ± 0.46 





0 of 2 0.87 ± 0.12 5.49 ± 1.48 7.33 ± 1.98 
 
To correlate the crack growth behaviors with respect to molecular weight, 
polystyrene with molecular weights of 35,000 g/mol and 250,000 g/mol were tested for 
crack formation and growth. Each polymer type was cast and indented with 1000gf as 
smaller indent loads in higher molecular weight samples would not initiate cracks. A 
cyclic pressure of 50 psi over 25 hours was used to drive the cracks. This reduction in 
pressure was to accommodate the larger initial indentation size so that samples did not 




Quasi-static and cyclic loading conditions were also evaluated to determine if 
stress unloading had an effect on crack growth or morphology. Samples of P[3,4-DHS-S] 
were indented at 200 gf and loaded at 75 psi air pressure for 5 hours and were either 
tested cyclically with the standard loading and unloading cycles or held at a quasi-static 
load for a duration of 5 hours.  
 
2.4 Crack Growth of P[3,4-DHS-S] Copolymers 
Two types of crack profiles are observed: linear and plateau. Generally, it was 
observed that crack growth was initially very rapid over the first few hours and leveled 
out to a stable crack length by 5 hours. A top surface image and crack profile of typical 
polystyrene crack growth over 25 hours is shown in Figure 2.9. In this example, crack 
growth hit two plateau regions. From the growth patterns, crack extension progresses as a 
series of short finite crack growth before reaching a critical length causing a rapid linear 
profile reaching another stable plateau. For each crack profile, the plateau region from 0 
to 25 hours is fitted to Equation 4. In this equation: y is the crack length, A is the plateau 
height, B is the profile range, C is the crack resistance coefficient, and x is time. Equation 
4 is the result of a best fit of a series of fitting equations from analysis with OriginPro 8.6 
software that match physical parameters. The plateau height provides a value for the 
maximum stable crack length. Profile range provides the initial crack length. Finally, the 
crack resistance coefficient is a measure of how quickly the profile reaches maximum 
value where the larger the coefficient indicates a slower crack growth. This plateau fit is 






Figure 2.9: Crack growth image and plot of polystyrene showing a) a sample indented at 
500gf subjected to biaxial fatigue and the crack growth plot b) showing the initial crack 
growth (dashed lines) and incremental growth after 25 hours (solid line) at a cyclic load 
of 3.74 MPa. The crack growth profile showing the plateau fit from Equation 4 and the 
deviation of a linear growth to a second plateau.   
 
2.4.1 Molecular Weight Trends 
Images of surface cracks in polystyrene with molecular weights of 35,000 g/mol 
and 250,000 g/mol are shown in Figure 2.10 and the data is given in Table 2.3. For the 
35,000 g/mol PS the indent grew from 1070±59 µm to 1322±302 µm (23% growth), 
while the 250,000 g/mol PS grew from 563±91 to 601±112 µm (6% growth). It is known 
that lower Mw polymers yield lower fracture strengths and typically decreases as 
(Mw)1/2.22 This is due to less chain entanglement in lower Mw samples providing few, if 






Figure 2.10: Micrographs of polystyrene with different molecular weights of a) 35,000 
g/mol and b) 250,000 g/mol both indented at 1000gf with crack extension over 5 hours at 
a cyclic pressure of 50 psi showing prominent crack formation and growth with lower 
molecular weight. Note the difference in scale.  
 
Table 2.3: Growth data for PS of different Mw. Both sets of samples were tested at 50 psi 











250,000 1.09 ± 0.06 2.29 ± 0.25 563 ± 91 601 ± 112 
35,000 1.07 ± 0.03 2.39 ± 0.14 1070 ± 59 1322 ± 302 
 
2.4.2 Crosslinker Effect of Crack Growth of P[3,4-DHS-S] Polymers 
Hardness and fracture toughness values for polystyrene and P[3,4-DHS-S] with 
and without crosslinking agents via calculation from Equation 3 are given in Table 2.4 
and shown in Figure 2.11. Statistical significance between each crosslinker type against 
polystyrene and P[3,4-DHS-S] alone was determined using a t-test with two tails, two-
sample equal variance with a significance level of α=0.05. When comparing each 
crosslinkering system against polystyrene and P[3,4-DHS-S], the significance level for 
each is as follows: Polymer alone (α=0.00), Fe3O4(α=0.00), Fe (α=0.00), TBAIO4 




Table 2.4: Fracture toughness and hardness values for polystyrene and P[3,4-DHS-S] 
showing the t-test significance level (α) comparing the polymers alone as the null 
hypothesis against the crosslinking system. 
Polymer 
System DHS % Hardness KIC [MPa √m] 





182 ± 14 0.298 ± 0.019 - 
Fe3O4 199 ± 4 0.275 ± 0.018 0.07 
Fe 199 ± 4 0.290 ± 0.015 0.46 
TBAIO4 204 ± 5 0.352 ± 0.016 0.01 
Fe(NO3)3 196 ± 5 0.301 ± 0.023 0.82 
Ga(NO3)3 206 ± 5 0.331 ± 0.017 0.01 
Polymer alone 
3% 
190 ± 9 0.357 ± 0.017 - 
Fe3O4 191 ± 5 0.387 ± 0.047 0.17 
Fe 187 ± 2 0.340 ± 0.008 0.15 
TBAIO4 181 ± 4 0.369 ± 0.046 0.55 
Fe(NO3)3 181 ± 4 0.318 ± 0.016 0.00 
Ga(NO3)3 182 ± 2 0.344 ± 0.043 0.53 
Polymer alone 30% 234 ± 3 0.552 ± 0.063 * 




Figure 2.11: Fracture toughness of polystyrene (PS) and P[3,4-DHS-S] with 3% DHS and 





As seen from Table 2.4, the fracture toughness is affected by the addition of 
soluble crosslinking agents but not the particulate ones. For polystyrene, samples 
crosslinked with tetrabutylammonium periodate and gallium(III) nitrate increase the 
toughness (α<0.05). For P[3,4-DHS-S], iron(III) nitrate signifficanly decreased the 
fracture toughness (α<0.05). When comparing similar crosslinkers between different 
DHS content, polymer alone and particulate crosslinkers have an increased fracture 
toughness (α<0.05) while soluble crosslinkers did not have a significant change (α>0.05). 
This difference in the soluble crosslinkers could be that the layer-by-layer addition of the 
crosslinking agent affects the morphology of the polymer layers. Solvent is added to a 
fully formed polymer layer for addition of another layer. This promotes a morphology of 
multiple polymer layers interdiffused into one another rather than a homogenous polymer 
structure. An indentation crack may penetrate down to this interdiffusion layer and 
propagate along this interface changing the fracture path. However, observation of the 
fracture surface did not provide any evidence of this morphology change.  
The change from 3% DHS to 30% DHS in P[3,4-DHS-S] significantly increased 
the fracture toughness (α<0.05). From Table 2.2 the Mw for P[3,4-DHS-S] with 0%, 3%, 
and 30% DHS content was 35,000, 28,796, and 25,348 g/mol respectively. It is expected 
that fracture toughness decreases with Mw. However, despite having the lowest Mw, the 
30% DHS polymer had the greatest fracture toughness. This is a result of the increase in 
the hydrogen bonding network provided by the catechol groups.  
The observed crack lengths of polystyrene and P[3,4-DHS-S] with 3% DHS 
subjected to the Modified Blister Test over 50 hours is shown in Figure 2.12 with the 




first 25 hours of testing was 75 psi, while the pressure was increased to 100 psi for the 
additional 25 hours until 50 hours of total testing was performed. The average stress for 
each sample for each of these pressures is displayed in Table 2.2. During testing, if a 
sample completely fractures, it is removed from additional testing, but its crack length 
prior to failure is still used in the previous time step. In other words, a sample may 
exhibit larger than average crack growth during the first 5 hours, but fracture prior to 
reaching 25 hours of testing effectively lowering the crack length average for larger 
testing times. Table 2.6 displays these cumulative failure rates and crack growth 
percentage for each polymer system. Statistical significance comparing each crosslinker 
type against polystyrene and P[3,4-DHS-S] alone at each time step was performed using 
a t-test with two tails, two-sample equal variance with a significance level of α=0.05. 






Figure 2.12: Crack length of polystyrene and P[3,4-DHS-S] samples subjected to 
Modified Blister Testing at different time steps showing the effect different crosslinking 
agents have on crack growth. The airline pressure for 5 and 25 hours was 75psi, while the 









t = 0 hours t = 5 hours t = 25 hours t =50 hours 
Σci [µm] 
PS 
None 734 ± 33 857 ± 61 1341 ± 943 1551 ± 1153 
Fe3O4 794 ± 51 950 ± 113 997 ± 111 1018 ± 100 
Fe 759 ± 30 962 ± 38 1012 ± 61 1099 ± 101 
TBAIO4 652 ± 20 705 ± 47 725 ± 46 743 ± 63 
Fe(NO3)3 737 ± 54 816 ± 63 839 ± 57 853 ± 61 
Ga(NO3)3 681 ± 16 762 ± 47 771 ± 42 785 ± 66 
3% 
DHS 
None 646 ± 21 683 ± 26 713 ± 53 914 ± 243 
Fe3O4 619 ± 34 646 ± 53 694 ± 69 747 ± 91 
Fe 666 ± 11 677 ± 11 682 ± 14 713 ± 25 
TBAIO4 638 ± 45 687 ± 70 717 ± 92 654* 
Fe(NO3)3 698 ± 24 1012 ± 667 717 ± 34 715 ± 45 
Ga(NO3)3 668 ± 54 774 ± 132 891 ± 286 1005 ± 347 
30% 
DHS None 503 ± 25 502 ± 16 527* ** 
*n=1 
**All samples fractured 
 
Table 2.6: Crack growth and failure rates of PS and P[3,4-DHS-S] with different 
crosslinking agents 
 Crosslinking agent 
Crack Growth (%) Cumulative Failure Rate 
t=5hr t=25hr t=50hr t=5hr t=25hr t=50hr 
PS 
None 17% 83% 111% 1 of 5 1 of 5 2 of 5 
Fe3O4 20% 26% 28% - 1 of 5 1 of 5 
Fe 27% 33% 33% 2 of 6 2 of 6 2 of 6 
TBAIO4 8% 11% 14% - - - 
Fe(NO3)3 11% 14% 16% 1 of 5 1 of 5 1 of 5 
Ga(NO3)3 12% 13% 15% 1 of 5 1 of 5 1 of 5 
3% 
DHS 
None 6% 10% 42% 1 of 6 1 of 6 1 of 6 
Fe3O4 4% 12% 21% 1 of 6 1 of 6 1 of 6 
Fe 2% 2% 7% - - - 
TBAIO4 8% 12% 3% - - 1 of 2 
Fe(NO3)3 45% 3% 2% - 1 of 5 1 of 5 
Ga(NO3)3 16% 33% 51% - - 1 of 4 
30% 





Table 2.7: T-test significance level for the growth of polystyrene and P[3,4-DHS-S] 
comparing polystyrene alone as the null hypothesis at each time step against each 
polymer system. 
Polymer System DHS % 
t = 0 
hours 
t = 5 
hours 






- - - - 
Fe3O4 0.03 0.11 0.63 0.59 
Fe 0.24 0.03 0.54 0.57 
TBAIO4 0.00 0.00 0.26 0.32 
Fe(NO3)3 0.92 0.39 0.36 0.40 
Ga(NO3)3 0.02 0.05 0.31 0.37 
Polymer alone 
3% 
0.00 0.01 0.28 0.44 
Fe3O4 0.00 0.00 0.26 0.35 
Fe 0.00 0.02 0.26 0.34 
TBAIO4 0.01 0.00 0.26 0.31 
Fe(NO3)3 0.09 0.63 0.28 0.34 
Ga(NO3)3 0.04 0.14 0.37 0.44 
Polymer alone 30% 0.00 0.00 * * 
* Samples fractured  
 Table 2.8: T-test significance level for the growth of polystyrene and P[3,4-DHS-S] 
comparing P[3,4-DHS-S] alone as the null hypothesis at each time step against each 
polymer system. 
Polymer System DHS % 
t = 0 
hours 
t = 5 
hours 






0.00 0.01 0.28 0.44 
Fe3O4 0.00 0.01 0.02 0.22 
Fe 0.00 0.00 0.00 0.18 
TBAIO4 0.13 0.63 0.46 0.10 
Fe(NO3)3 0.02 0.02 0.01 0.61 
Ga(NO3)3 0.01 0.03 0.11 0.31 
Polymer alone 
3% 
- - - - 
Fe3O4 0.14 0.22 0.63 0.21 
Fe 0.57 0.52 0.45 0.15 
TBAIO4 0.26 0.43 0.68 0.07 
Fe(NO3)3 0.01 0.33 0.90 0.14 
Ga(NO3)3 0.96 0.41 0.39 0.98 
Polymer alone 30% 0.00 0.00 * * 




Polystyrene alone has the largest total crack growth with a relative crack size of 
over 2x the original length. Even as a chemistry control, polystyrene demonstrated crack 
resistance with each of the crosslinking systems reducing the final crack length by the 
end of the test. For polystyrene, the soluble crosslinking agents had a greater effect on 
reducing total crack growth compared to particulate crosslinking agents. When averaging 
the 50 hour growth percentage for particulate (Fe3O4 and Fe) and soluble (TBAIO4, 
Fe(NO3)3, and Ga(NO3)3, the relative crack growth is ~15% and ~31% respectively. This 
decrease in total crack growth for these systems have two different mechanisms. The 
soluble crosslinking system was previously discussed attributing the increase in 
indentation fracture toughness as an artifact of the layer-by-layer processing method. For 
the particulate system, resistance to crack growth is attributed to crack tip deflection 
around the iron and magnetite particles.  
 Crack growth of 3% DHS for 5 and 25 hours is independent of the crosslinking 
agents used. From Table 2.7 it can be seen that when compared to 3% DHS alone, only 
the initial crack from the iron(III) nitrate system displays a significant change while all 
other systems show similar values at each time step. It can also be seen from the table 
that later time steps show a tendency to have significantly similar values for the polymer 
alone for both the polystyrene and P[3,4-DHS-S] with 3% DHS systems. This indicates 
that while crosslinking agents promote a tendency to increase the fracture toughness for 
each polymer chemistry, the maximum stable crack length is independent of crosslinking 
agents. The growth of cracks in P[3,4-DHS-S] with 30% DHS indicates a greater 
resistance to crack growth compared to any of the other systems. However, due to the 




The fitting constants from Equation 4 to the data where A is the maximum stable 
crack length and C is the crack resistance coefficient are displayed in Figure 2.13. The 
maximum stable crack length is different from the final crack length reported in Table 2.5 
in that the latter is a direct observation from the experimental data, whereas the former is 
a calculation based on a fit from the available data. This provides the advantage of 
estimating the final crack length of those samples that failed prior to the end of the 50 
hours of testing. The crack resistance coefficient is a measure of how quickly the crack 
reached the stable crack length. It is also represented as the inverse so a larger value 




Figure 2.13: Stable plateau crack lengths and inverse crack resistance coefficients of 
polystyrene and P[3,4-DHS-S] based on fitting the crack growth data to a plateau profile. 
From Figure 2.13, polystyrene has a larger stable plateau crack than P[3,4-DHS-
S] among polymer alone and particulate crosslinking agents and similar values among 
soluble crosslinking agents. The particulate systems provides a secondary phase in the 
polymer matrix that redirects the crack path that may be longer cracks, but still provides 
stability to arrest cracks. The stable crack length and crack resistance coefficients for the 




stable crack that grows more slowly than that of polystyrene. The hydrogen bonding 
network of P[3,4-DHS-S] has a greater influence in creating crack resistant systems than 
the crosslinking agents.  
The increase in DHS content in P[3,4-DHS-S] is the dominant factor in increasing 
the fracture toughness as well as the reduction in crack growth and growth rate. The 
catechol groups of the DHS make processing difficult as the elevated temperature in 
processing causing a crosslinked network of hydrogen bonding as well as reduction of 
quinones. This effectively makes processing thermoplastic polystyrene take on 
characteristics of thermosets making proccing difficult. A DHS content of 30% is too 
high to properly process samples and therefore a lower DHS content is needed. Had the 
30% DHS samples not fractured prior to the end of testing, it is expected these samples 
would have exhibited greater reduction in crack growth. However, sufficient catechol 
content is needed to ensure interaction with the crosslinking agents is achieved. Due to 
the minimal influence the crosslinking agents had on P[3,4-DHS-S] compared to the pure 
polystyrene samples, it is possible that the DHS content was not high enough to interact 





2.4.3 Fracture Morphology 
A tilted view of indented polystyrene is shown in Figure 2.14. From the figure the 
shape and geometry of the indentation shows the Palmqvist crack geometry as 
schematically shown in Figure 2.2. It can also be seen that a median crack has not been 
formed underneath of the indentation. Only polystyrene was used to confirm this crack 
geometry due to its transparent appearance unlike the P[3,4-DHS-S] copolymers. Due to 
the similarities of fracture behavior of the polymers, it is assumed all sample sets had an 
initial Palmqvist geometry similar to polystyrene.  
 
 
Figure 2.14: Tilted view of an indented polystyrene sample showing the depth and shape 
of the Palmqvist crack and the lack of median crack during indentation load. 
 
A cross-section of the fracture surface of two different polystyrene samples are 
shown in Figure 2.15. Both fracture surface shows a series of radial cracks that originate 
from the initial indentation and progress outward as each loading cycle creates a new 
longer crack. The difference is that Figure 2.15b shows the a median crack forms from 
the bottom of the indent whereas Figure 2.15a does not. It is believed that this crack is 




failure. Both samples were subjected to same loading conditions. From the crack profile, 
both samples began growth with a plateau profile, however the sample that produced a 
median crack exhibits a large jump in crack growth during testing. It is also observed the 
median crack deviate from the mid-plane compared to the typical case seen in Figure 
2.16.  
 
Figure 2.15: Fracture surfaces of two different polystyrene samples showing the 
incremental increase in length of the Palmqvist cracks and a) the lack of a medial crack 
and b) the evolution of a medial crack c) Crack growth profile with plateau fit showing 
the lack of crack growth without evolution of a median crack( ) and the large jump in 





Lawn et. al. developed theory and models for fatigue for indentation flaws and 
Smith et. al. expanded the concept to Palmqvist cracks.11, 23 Their experiments on soda-
lime glass demonstrated the stepwise growth of Palmqvist cracks under bending stress. 
These elliptical shaped cracks originating from the indentation tips got progressively 
larger while maintaining an elliptical shape at each incremental growth step, but the depth 
of the crack did not travel further through the sample than the lateral crack produced 
during indentation. However, from the fracture morphologies seen in Figure 2.15, the 
radial cracks deviated from this ideal geometry. A proposed crack growth model is shown 
in Figure 2.17. From this model, the initial indentation produces Palmqvist radial and 
lateral cracks with a suppression of the median crack. Upon a biaxial tensile loading, the 
radial cracks incrementally propagate outward merging with the lateral cracks. At a 
critical length, the radial cracks span across the medial plane to form a semicircular crack 
forms. A median crack forms concurrently with the semicircular crack.  
 
Figure 2.16: Cross section of an indent after Modified Blister Test showing the evolution 





Figure 2.17: Proposed crack growth model of an indent under biaxial load showing the 
evloution of Palmqvist cracks that propagate radially outward and merge with lateral 
carcks.  At a critical length, the median crack opens merging the radial cracks to form the 
semicircular crack (dotted line) that propagate until failure.   
 
A micrograph fracture surface and macrograph of a 30% DHS P[3,4-DHS-S] 
samples is shown in Figure 2.18. It is shown in these figures that internal porosity 
develops during the processing samples of this chemistry. From the fracture surface, a 
crack front from the median crack is deflected and advances towards a large void within 
the matrix. It is known that voids effect on the crack path of glassy polymers by 
redirecting crack path.24 The internal porosity is attributed to the high failure rate of these 
polymers from Table 2.6. However, since a sufficient area around the initial indent was 





Figure 2.18: Fracture surface and sample surface of P[3,4-DHS-S] with 30% DHS 
showing large internal porosity that dominates the crack path 
 
The difference in fracture morphology from samples tested under cyclic and 
quasi-static conditions over 5 hours is shown in Figure 2.19. From the fracture surface, it 
can be seen that samples tested under a quasi-static 5 hour load exhibit two distinct crack 
length: the initial crack length from indentation, and a fully formed circular crack. Under 
quasi-static load, the crack growth progresses directly to the semicircular crack rather 
than producing a series of incremental growth ‘rings’ as seen in the cyclic loading 
condition. The removal of the biaxial stress causes a change in the crack tip geometry that 
promotes incremental growth that is seen as the growth ‘rings’. This phenomenon is 
independent of polymer chemistry so it was observed in both polystyrene and P[3,4-
DHS-S] samples. However, it is believed that the relaxation around the crack tip allows 





Figure 2.19: Crack growth morphology difference between quasi-static and cyclic growth 
showing (a) the larger but fewer crack events under quasi-static loading, and (b) a cyclic 
growth ‘ring’ of smaller more numerous crack events with cyclic loading.  
 
2.5 Conclusions 
In this study we evaluated the crack propagation of P[3,4-DHS-S] copolymers 
with a DHS ratio to styrene of 0%, 3%, and 30% and comparing their response to an 
array of crosslinking agents. This was done with a novel method of a Modified Blister 
Test, where a biaxial tensile stress is applied using air pressure on the opposite side of a 
sample. It was found that particulate crosslinkers had a toughening effect on polystyrene 
alone by crack deflection. There was a minimal effect of crosslinkers on the crack 
resistance of 3% DHS samples. This is due to two possible effects: 1) the catechol ratio is 
insufficient to properly interact with the crosslinking agents or 2) the strength provided 
by the hydrogen bonding network produced by the catechol groups on the copolymer is 
stronger than the interaction from the crosslinking agents. It is also worth noting that 
metal chelation between the catechol groups and the crosslinking agents was not 
explicitly demonstrated in this study. It is believed that the hydrogen bonding of the 




may or may not interplay in the observed increase toughness. This intrinsic self-healing 
pathway has demonstrated increased crack growth potential effectively providing a 

























1. N. G. McCrum, C. P. Buckley, and C. B. Bucknall, "Principles of Polymer 
Engineering." Oxford University Press, (1997). 
 
2. G. de With and H. H. M. Wagemans, "Ball-on-Ring Test Revisited," Journal of the 
American Ceramic Society, 72[8] 1538-41 (1989).  
 
3. T. A. Tervoort and L. E. Govaert, "Craze-initiation kinetics in polystyrene," Journal of 
Polymer Science Part B: Polymer Physics, 42[11] 2066-73 (2004).  
 
4. D. A. Dillard, M. W. Ellis, Y.-H. Lai, M. K. Budinski, Y. Li, J. R. Grohs, C. S. 
Gittleman, and S. W. Case, "On the Use of Pressure-Loaded Blister Tests to 
Characterize the Strength and Durability of Proton Exchange Membranes," 
Journal of Fuel Cell Science and Technology, 6[3] 031014-14 (2009).  
 
5. J. R. Grohs, Y. Li, D. A. Dillard, S. W. Case, M. W. Ellis, Y.-H. Lai, and C. S. 
Gittleman, "Evaluating the time and temperature dependent biaxial strength of 
Gore-Select® series 57 proton exchange membrane using a pressure loaded 
blister test," Journal of Power Sources, 195[2] 527-31 (2010).  
 
6. H. Dannenberg, "Measurement of adhesion by a blister method," Journal of Applied 
Polymer Science, 5[14] 125-34 (1961).  
 
7. W. C. Young and R. G. Budynas, "Roark's formulas for stress and strain,"  Vol. 7, 
(2002). 
 
8. B. Lawn and R. Wilshaw, "Indentation fracture: principles and applications," J Mater 
Sci, 10[6] 1049-81 (1975).  
 
9. B. Lawn, "Fracture of Brittle Solids." Cambridge University Press, (1993). 
 
10. C. B. Ponton and R. D. Rawlings, "Vickers indentation fracture toughness test Part 1 
Review of literature and formulation of standardised indentation toughness 





11. S. M. Smith and R. O. Scattergood, "Crack-Shape Effects for Indentation Fracture 
Toughness Measurements," Journal of the American Ceramic Society, 75[2] 305-
15 (1992).  
 
12. D. K. Shetty, I. G. Wright, P. N. Mincer, and A. H. Clauer, "Indentation fracture of 
WC-Co cermets," J Mater Sci, 20[5] 1873-82 (1985).  
 
13. J. Botsis, A. Chudnovsky, and A. Moet, "Fatigue crack layer propagation in 
polystyrene?Part I experimental observations," International Journal of Fracture, 
33[4] 263-76 (1987).  
 
14. H. J. Meredith, C. L. Jenkins, and J. J. Wilker, "Enhancing the Adhesion of a 
Biomimetic Polymer Yields Performance Rivaling Commercial Glues," Advanced 
Functional Materials, 24[21] 3259-67 (2014).  
 
15. L. Hight and J. Wilker, "Synergistic effects of metals and oxidants in the curing of 
marine mussel adhesive," J Mater Sci, 42[21] 8934-42 (2007).  
 
16. J. Monahan and J. J. Wilker, "Cross-Linking the Protein Precursor of Marine Mussel 
Adhesives:  Bulk Measurements and Reagents for Curing," Langmuir, 20[9] 
3724-29 (2004).  
 
17. C. R. Matos-Pérez, J. D. White, and J. J. Wilker, "Polymer Composition and 
Substrate Influences on the Adhesive Bonding of a Biomimetic, Cross-Linking 
Polymer," Journal of the American Chemical Society, 134[22] 9498-505 (2012).  
 
18. G. Westwood, T. N. Horton, and J. J. Wilker, "Simplified Polymer Mimics of Cross-
Linking Adhesive Proteins," Macromolecules, 40[11] 3960-64 (2007).  
 
19. E. Santaniello, A. Manzocchi, and C. Farachi, "Tetrabutylammonium Periodate; A 
Selective and Versatile Oxidant for Organic Substrates," Synthesis, 1980[07] 563-
65 (1980).  
 
20. P. K. Gupta and N. J. Jubb, "Post-Indentation Slow Growth of Radial Cracks in 







21. R. G. Kalikar, R. S. Deshpande, and S. B. Chandalia, "Synthesis of vanillin and 4-
hydroxybenzaldehyde by a reaction scheme involving condensation of phenols 
with glyoxylic acid," Journal of Chemical Technology & Biotechnology, 36[1] 
38-46 (1986).  
 
22. E. Kramer, "A molecular theory of the fracture toughness of low molecular weight 
polymers," J Mater Sci, 14[6] 1381-88 (1979).  
 
23. B. R. Lawn, D. B. Marshall, G. R. Anstis, and T. P. Dabbs, "Fatigue analysis of 
brittle materials using indentation flaws," J Mater Sci, 16[10] 2846-54 (1981).  
 
24. J. Hancock, "The effect of voids on the brittle failure of polystyrene," J Mater Sci, 









CHAPTER 3. ENVIRONMENTAL ASSESSMENT OF  
POLY[(3,4-DIHYDROXYSTYRENE)-CO-(STYRENE)] TO REDUCE 
POLYSTYRENE CONSUMPTION 
3.1 Introduction: End-of-Life of Plastic E-Waste  
As technology gains more prevalence in our lives, demand for consumer 
electronics is increasing and the life cycle for these products is decreasing, creating rapid 
turnover rate with unprecedented amount of e-waste.1 Plastics account for 33% of total e-
waste by weight2, placing the global production estimate to 7-8 million tonnes/year3. Of 
this waste, 63% contains polystyrene (in the form of ABS and HIPS). Recycling this 
plastic e-waste is difficult because of the need for separation of: inorganics, different 
polymer chemistries and additives, and hazardous materials. The substitution of tougher, 
self-healing, polymers to reduce plastic consumption is a preferred alternative to the 
difficult task of plastic e-waste recycling. Poly[(3,4-dihydroxystyrene)-co-(styrene)] 
(P[3,4-DHS-S]) is a synthetic polymer with similar functionality to the amino acid, 3,4-
dihydroxyphenylalanine (DOPA). DOPA is found in marine mussels, and plays role in 
their ability to stick underwater by forming strong, reversible bonds with its environment. 
P[3,4-DHS-S] uses this bond reforming pathway as a mechanism for self-healing by 






Figure 3.1: Synthesis of P[3,4-DHS-S] by first polymerizing styrene and 3,4-
dimethoxystyrene monomers with n-butyl lithium, then removing the methyl groups with 
boron tribromide.  
 
The purpose of this study is to create comparative life cycle analysis (LCA) 
between P[3,4-DHS-S] and PS in order to understand the environmental impacts that may 
exist while modifying the chemistry. This was done by collecting chemical inventory 
used for synthesis and the production of P[3,4-DHS-S] and PS. An environmental 
assessment of the chemical inventory was prepared, providing information on impact 
factors for the creation of the two polymer types such as global warming, acidification, 
and smog. Additionally, mechanical test analysis shows thinner samples of P[3,4-DHS-S] 
can provide similar mechanical properties as PS. This information was used to estimate 
the amount of polystyrene that may be removed from the supply chain of plastic 
components by modifying the chemistry. At present, P[3,4-DHS-S] is not utilized in 
commercial or industrial applications to improve mechanical performance. The LCA of 
this work will provide component designers with supplemental information needed to 




lifespan. Therefore, these design routes to reduce plastic consumption without loss of 
mechanical performance will work to minimize both cost and environmental impact.  
 
3.1.1 Styrene Production 
The production of polystyrene accounts for 65% of total styrene demand. In the 
U.S., 5.8 million metric tons were produced in 2004. The most common way to produce 
polystyrene (86% of production) is with dehydrogenation of ethylbenzene, which 
consumes more than 50% of commercial benzene in the world.4 The reaction of benzene 
with ethylene takes place on acidic catalysts to form styrene with ethylbenzene as an 
intermediate and is shown in Figure 3.2. The synthesis process is represented in Figure 
3.3, that takes the dehydration of ethylbenzene under the presence of steam, and separates 
the excess benzene, toluene and tar from the purified styrene product5.  
 
 







Figure 3.3: Styrene monomer produced from ethylbenzene. Figure adapted from CB&I6 
 
3.1.2 3,4-Dimethoxystyrene Synthesis 
Production of 3,4-dimethoxystyrene (DMS) monomer is not as common as 
styrene and thus the commercial production route is not readily available. A potential 
synthesis route of 3,4-DMS from benzene (Figure 3.4) can be broken down into four 
separate phases. These phases are conversion from benzene and progressing to I) phenol, 
II) catechol, III) veratraldehyde, and IV) 3,4-DMS respectively. Details on each reaction 
step are provided below.  
 
 




The first step (I) in this reaction is the production of phenol. The most economical 
process to produce phenol is through the cumene process which involves three steps: 
cumene production, conversion to cumene hydroperoxide, and decomposition to phenol 
and acetone7. To produce 1 kg of cumene, 0.651 kg of benzene and 0.351 kg of propylene 
is consumed8, which can produce 0.75 kg of phenol and 0.46 kg of acetone7. This 
reaction is shown in Figure 3.5.  
 
 
Figure 3.5: Conversion of benzene and propylene to phenol and acetone 
 
The direct hydroxylation of phenol will yield catechol concurrently with 
hydroquinone9 (Figure 3.6). The process can be tuned to shift the catechol:hydroquinone 
ratio based on market need 10, but typically 60% of the phenol is converted to catechol 
while the remaining 40% is used for hydroquinone. As such, it will be assumed that for 
every mol of phenol converted, 0.6 mol of catechol is produced. In this process, the 
phenol:H2O2:Acid ratio is 200:10:1 11. The acid acts as a catalyst and is therefore not 






Figure 3.6: Direct hydroxylation of phenol to catechol and hydroquinone 
 
A direct synthesis of veratraldehyde from catechol is not presented in literature, 
however similar reactions were found using vanillin as an intermediate. Methylation of 
catechol with dimethyl carbonate and lithium hydroxide can yield guaiacol, a precursor to 
vanillin production12. Guaiacol reacts with glyoxylic acid by electrophilic aromatic 
substitution, then oxidative decarboxylation to form vanillin9, 13. This process yielded 80 
mol% conversion of guaiacol to vanillin13. Finally, methylation of vanillin with KOH and 
Me2SO4 forms veratraldehyde with 90 mol% conversion of vanillin14. The overall 
conversion of catechol to veratraldehyde is 72 mol%. A potential area of research would 
be the refinement of this process to improve efficiency and the use of ‘green’ chemicals. 
While some work has been done previously 15, it is not the scope of this work, which 






Figure 3.7: Potential synthesis route to convert catechol to veratraldehyde with vanillin as 
an intermediate.  
 
Several potential synthesis routes to convert 3,4-DMS from veratraldehyde exist 
including: dehydration, Wittig methenation, and Wttig reaction of substituted ylides with 
formaldehyde 16. The efficiencies of veratraldehyde conversion via these methods are 
48%, 35%, and 97% (mol%) respectively. Since, the Wittig reaction of substituted ylides 
with formaldehyde method had a much higher conversion efficiency, it will be used for 
this study. This reaction uses Raney Ni to create veratrole alcohol, which the alcohol 
group can be replaced with Cl with thionyl chloride to produce a better leaving group. 
Triphenylphosphine is then inserted into the structure, which can then be removed with 
formaldehyde and sodium hydroxide yielding the final product of 3,4-DMS. This reaction 
scheme is shown in Figure 3.8. After each reaction step the final conversion of 1 kg of 
benzene leads to 0.773 grams of 3,4-DMS monomer based on the synthesis method 







Figure 3.8: Wittig reaction of substituted ylides with formaldehyde to convert 
veratraldehyde into 3,4-DMS with three intermediates of A) (3,4-
dimethoxyphenyl)methanol, B) (3,4-dimethoxyphenyl)methylchloride, and C) (3,4-
dimethoxybenzyl)triphenylphosphonium chloride. (SOCl2: thionyl chloride, Φ3P: 
triphenylphosphine, CH2O: formaldehyde, NaOH: sodium hydroxide).  
 
3.2 Methods for Life Cycle Analysis 
3.2.1 Scope: Comparing PS with P[3,4-DHS-S] as an Replacement Material 
The goal of this work is to evaluate the environmental impact and mechanical 
performance of P[3,4-DHS-S] (P[3,4-DHS-S]) compared to the homopolymer, 
polystyrene (PS). For this study, the two polymers under investigation are 3% DHS (4.80 
wt% DHS) and pure PS both polymerized under the same conditions. This LCA will take 
a chemical inventory of the creation of both polymers and assess their impact via 
SimaPro utilizing the (Tool for the Reduction and Assessment of Chemical and other 
environmental Impacts) TRACI 2.0 North American Methods17. The functional unit of 
this LCA is to convert benzene into a 69 mg polymeric sample with 50.3 mm2 area and 
1.3 mm thick, and evaluate the crack growth after pressure loaded to 75 psi for 5 hours. A 
superior test sample of P[3,4-DHS-S] will achieve similar crack growth with a thinner 
sample geometry compared to the PS control. This LCA hopes to address the amount of 




development. Finally, the chemical and energy reference flows of benzene used to create 
the saved amount of polymer will be evaluated as energy and material savings.  
 
3.2.2 Inventory Analysis and System Boundaries 
There are three primary stages to convert benzene to test samples for fatigue 
testing: monomer synthesis, polymer synthesis, and sample creation. The inventory 
analysis primarily investigates monomer synthesis and fatigue testing as polymerization 
and sample creation are the same for both test groups. The reference flows consider the 
chemical inventory to synthesize each monomer, and compares the fatigue behavior as a 
result of these modifications. The system boundaries of this LCA begins with benzene 
production at the plant (cradle), and goes to sample performance (grave). It is assumed 
the polymerization and fatigue specimen preparation require the same energy input as the 
reaction does not differ from the two in terms of chemicals used (except monomer ratios). 
For chemical inventories during monomer synthesis, the preparation of the input 
chemicals is not considered unless otherwise specified. Finally, all lab scale and 
industrial processes reported are assumed to scale linearly.  
 
3.2.3 Fatigue Setup 
Test specimens are mechanically fatigued with a novel compressed airline test 
fixture to monitor crack extension of a flaw induced by Vickers indentation. A schematic 
is shown in Figure 3.9 denoting the notation ci as the crack length of an indent, and the 
total crack length of Σci. Samples are prepared by dissolving the polymer in toluene, 




210°C under argon to evaporate the solvent, and then held under vacuum for 10 minutes 
to remove air bubbles. These samples are polished to thickness, and subjected to 75 psi 
for 5 hours. The initial and final crack lengths are measured under transmission light 
optical microscopy.  
 
. 
Figure 3.9: Fatigue schematic showing a) an indented sample subjected to uniform 
pressure (p) on the bottom face of the sample and b) a top view of an indent showing a 
crack length ci and the total crack length as Σci.  
 
3.3 Results of Life Cycle Analysis of P[3,4-DHS-S] 
3.3.1 Polymer Synthesis 
In this study, the polymerization routes for P[3,4-DHS-S] and PS will be under 
the same conditions, only changing monomer ratios. However, this lab scale process is 
different compared to the industrial standard, and thus investigation comparing the inputs 
and outputs for the different polymerization processes would be needed to evaluate the 
environmental impact as well as the economic feasibility of the change in processing. The 
polymers synthesized in lab are 1) 3% 3,4-DMS and 2) pure PS. Based on the proposed 
synthesis method, the conversion of benzene to monomers (by mass of benzene) is 127% 
to styrene and 77% to 3,4-DMS. For a 69mg PS sample, 54mg of benzene is needed, 




needed for P[3,4-DHS-S] samples, 52 mg is needed for styrene and 4 mg is needed for 
3,4-DMS. In this polymerization method, we assume 100% conversion of monomers to 
polymers has yields would increase as scale increases, but with lab scale polymerizations, 
~80% yield is achieved.  
 
3.3.2 Monomer Synthesis 
In this study, it is assumed that both monomer types begin with benzene and are 
converted using the most common industrial practices (where available). The chemical 
inventory and reference flows for both benzene and styrene, including the production of 
ethylbenzene, are shown in Table 3.1 and Table 3.2. Different aromatic coproducts are 
produced during benzene processing and a mass basis was used to partition the credit for 
each of them18. The categories of the reference flows are: disposal, electricity, 





Table 3.1: Material flows involved in producing 69 mg of styrene from benzene. Data 
from F. Associates, "Cradle-to-gate life cycle inventory of nine plastic resins and four 
polyurethane precursors." in., Prairie Village, Kansas 2011. 
Category Reference Flow Amount Units 
Chemical Usage - 
Benzene 
Diesel 0.18 μL 
Natural gas 3.32 mL 
Petroleum - refining for 
olefins production 36.90 mg 
Pyrolysis gasoline 18.10 mg 
Residual fuel oil 1.74 μL 
Product, at plant Benzene 54.03 mg 
Chemical Usage – 
Styrene 
Ethylene 20.22 mg 
Natural gas 29.44 mL 
Final Product, at plant Styrene 69.00 mg 
 
 
Table 3.2: Material/energy flows involved in producing 69 mg of styrene from benzene. 
Data from F. Associates, "Cradle-to-gate life cycle inventory of nine plastic resins and 
four polyurethane precursors." in., Prairie Village, Kansas 2011. 
Category Reference Flow Benzene Styrene Units 
Electricity U.S. grid(2008) 1.38 163.40 mWh 
Transportation Barge, Truck, Train, Pipeline 3.14E-05 1.40E-05 t*km 
Disposal Landfill/Incineration 25.73 141.45 μg 
Chemical output 
(air) Carbon dioxide, fossil 2.44 111.09 mg 
 Other 0.03 0.03 mg 
Chemical output 
(water) Other 9.04E-02 1.38E-04 mg 
 
The chemical inventory of the synthesis of 3,4-DMS monomer is shown in Table 3.3. 
This table is scaled to the amount of chemicals needed to synthesize the DMS monomer 
used in produce 69 mg of polymer. When purchasing DMS monomers, the cost 


















Start Benzene 1.00 - -  
I –  
Phenol 
Propylene 0.54 116% 96% 8, 7 Phenol 1.15 
II - 
Catechol 
Phosphoric acid 0.01 





Dimethyl carbonate 0.66 
109% 72% 14, 13 
Lithium hydroxide  
Alumina  
Glyoxylic acid 0.54 
Acid (unspecified)  
Potassium hydroxide 0.41 
Dimethyl sulfate 0.86 
Veratraldehyde 0.88 
IV –  
3,4-DMS 
Raney Ni  
88% 97% 19, 16 
Thionyl chloride 1.03 
Hydrogen chloride  
Sulfur dioxide  
Triphenylphosphine 1.22 
Chloroform 11 
Ether (anhydrous) 17 
Formaldehyde (37%) 43 
Sodium hydroxide 
(50% aqueous) 28 
3,4-DMS 0.77 
Whole Reaction: 77% 40% 
 
3.3.3 Advantages in Mechanical Strength 
A single sample of PS and P[3,4-DHS-S] were used in this study. Both samples 
are 1.3 mm thick giving a total polymer mass of ~69 mg. After a fatigue test of 5 hours 




DHS-S] 734 μm (55% growth). Micrographs of the crack growth of the two samples are 
shown in Figure 3.10. Continued collected data is needed to better understand the 
relationship between thickness and crack growth rate. However, as a first order 
approximation we can assume the fatigue behavior scales with thickness linearly, a 
sample of P[3,4-DHS-S] of 0.8 mm would offer crack extension rates such that 135% 
growth is achieved in 5 hours. This 0.5 mm thickness difference would reduce PS 
consumption by 38% without loss of performance.  
 
Figure 3.10: Crack extension of a Vickers indent showing the final crack length for a) PS, 






3.3.4 Environmental Assessment 
The TRACI impact factors for each of the 3 proposed systems are shown in 
Figure 3.11. For the inventory, perchloric acid, dimethyl carbonate, and thionyl chloride 
where not found in the database, and thus are not included in the environmental effects. 
Also not included are the chemicals that do not report their amounts used in literature. 
The sum of each impact category is displayed in Table 3.4, and shows that an increase in 
all categories for P[3,4-DHS-S] compared to PS for both equal and reduced thicknesses. 
The results indicate that solvents used in the synthesis of 3,4-DMS from vertraldehyde 





Figure 3.11: TRACI outputs for each impact category showing the effect of each polymer 
system of 1.3 mm thick PS sample, 1.3 mm thick P[3,4-DHS-S], and 0.8 mm thick P[3,4-
DHS-S] sample. Here is it shown that diethyl ether, tricholoromethane (chloroform), 




Table 3.4: Total impact factor for each category given for the three polymer systems. Here, P[3,4-
DHS-S] has more impact than PS controls in all categories.  





Global Warming kg CO2 eq. 3.12E-04 9.38E-04 3.61E-04 
Acidification H+ moles eq. 5.36E-05 1.50E-04 5.79E-05 
Carcinogenic kg benzene eq. 2.36E-07 2.07E-06 7.98E-07 
Non carcinogenic kg toluene eq. 5.74E-03 1.06E-02 4.08E-03 
Respiratory 
effects kg PM2.5 eq. 2.36E-07 7.51E-07 2.89E-07 
Eutrophication kg N eq. 5.89E-08 4.40E-07 1.69E-07 
Ozone depletion kg CFC-11 eq. 2.15E-13 3.42E-08 1.32E-08 
Ecotoxicity kg 2,4-D eq. 1.33E-04 8.29E-04 3.19E-04 
Smog kg NOx eq. 4.81E-07 1.65E-06 6.36E-07 
 
3.4 Effects of Replacing P[3,4-DHS-S] for PS 
The process of synthesizing the styrene component for P[3,4-DHS-S] is similar to 
processing pure polystyrene because 92% of the benzene follows the same process. Of 
the 8% of benzene needed to make DHS, most of the energy requirements are not known 
due to lack of understanding how 3,4-DMS is produced starting from benzene. However, 
a majority of the chemicals needed for production are solvents to carry out the reactions 
on a laboratory scale, and would be reduced as the reaction was scaled up to industrial 
production rates Therefore it is not appropriate to scale the environmental impacts of the 
these chemicals linearly with batch size. This will reduce the impact on the system.  
One of the major assumptions in this study is that the mechanical performance of 
these samples scales linearly with thickness. Thus, a need to find the true relationship 
between crack length and thickness is needed to better understand how much material is 
saved. It is far more likely for fatigue resistance to scale with the square of the thickness, 




Additionally, these results are based on 2 samples, for better results, many more samples 
need to be evaluated to better to gain statistics on crack growth behavior.  
The environmental impact at first glance would suggest that P[3,4-DHS-S] is less 
environmentally friendly than regular PS. However, most of the impact stems from the 
solvents used to synthesize 3,4-DMS monomers. This impact would be diminished if the 
solvents used are scaled to match industry rather than linearly to match lab scale 
processes.  
Finally the impact of material savings is substantial. With a material savings of 
38%, there is a choice of using 1 kg of PS or 0.62 kg of P[3,4-DHS-S] to achieve the 
same fatigue resistance. The benzene requirements for PS and P[3,4-DHS-S] are 0.79 and 
0.50 kg respectively. Of the benzene for P[3,4-DHS-S], 0.46 kg is needed for styrene 




Through the modification of PS to create P[3,4-DHS-S] with 3% DHS, a material 
savings of 38% can be achieved without loss of mechanical performance. The impact 
assessment from the chemical inventory indicates that the creation of thinner P[3,4-DHS-
S] still has greater environmental impact compared to thicker PS samples. However, the 
main reason for an increase in environmental impact is the scale this polymer can be 
produced. As industrial scale-up data becomes more readily available, the environmental 
impact from the use of P[3,4-DHS-S] will be reduced. The replacement of PS with P[3,4-




reducing plastic consumption, which will lessen environmental impact and improve the 
economics of product development. By replacing all styrene based polymers used in 
consumer electronics with P[3,4-DHS-S], an estimated 1.5-2.0 tonnes of plastic can be 
removed from landfills per year. This is an appealing outcome for improved 
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Appendix A: Modified Blister Testing Raw Data 
Table A.1: Crack length of individual samples from the Modified Blister Test for n<=6 
 Crack Length at t = 0 hrs [µm] Crack Length at t = 5 hrs [µm] 
PS 770 714 689 761 738  871 916 771  869  
PS + Fe3O4 778 807 756 814 751 876 1067 894 864 1403 847 1076 
PS + Fe 782 784 759 769 757 702 974 938 1009   925 
PS + TBAIO4 666 515 629 554 576 660 728 556 651 718 608 737 
PS + Fe(NO3)3 730 695 715 715 831  879 736 798 852   
PS + Ga(NO3)3  660 693 687 669 698  724 732 763  827 
3% DHS 634 653 683 624 642 639 641 679 688  713 692 
3% DHS + Fe3O4 617 638 648 629 629 552 627 660 660  715 570 
3% DHS + Fe 656 665 678 546 641 613 668 673 689 915 698 631 
3% DHS + TBAIO4 620 606   547 670 632 637   626 736 
3% DHS + Fe(NO3)3 723 663 717 688 698  720 676 758 701 2204  
3% DHS + Ga(NO3)3 712 717 567 620 621  857 912 601 689 637  
30% DHS 485 521 430 468   490 513 436 494   
 Crack Length at t = 25 hrs [µm] Crack Length at t = 50 hrs [µm] 
PS 905 2753 792   914   900 2883 871       
PS + Fe3O4   899 1094 1432 902 1091   942 1099 1544 921 1108 
PS + Fe 1082 979 1041   946 1248 1025 1066   1058 
PS + TBAIO4 728 571 677 735 617 769 741 572 682  620 807 
PS + Fe(NO3)3 901 769 821 863    911 776 833 890    
PS + Ga(NO3)3   739 744 770   830   738 745 776   880 
3% DHS 637 780 699  740 709 649 803 786  1092 1240 
3% DHS + Fe3O4 629 672 698  809 660 642 684 729  819 859 
3% DHS + Fe 671 676 698  755 645 700 696 742  831 640 
3% DHS + TBAIO4 634 652    782 647 654      
3% DHS + Fe(NO3)3 720 676 758 713    743 660 759 698    
3% DHS + Ga(NO3)3 1252 989 608 671 652   1339  619 1030 646   




Table A.2: Crack growth data for 35,000 g/mol and 250,000 g/mol 
 
Polystyrene 35,000 g/mol 
 
t [hrs] Crack Length [μm] 
0 1138 1054 1126 1022 1009  
0.25 1164 1124 1264 1040 1019  
0.5 1172 1143 1303 1047 1054  
1 1173 1151 1331 1069 1058  
2 1174 1178 1502 1088 1089  
3 1177 1205 1505 1116 1151  
4 1248 1218 1667 1137 1233  
5 1298 1239 1669 1165 1237  
20 1349 1423 2037 1208 1815  
 
Polystyrene 250,000 g/mol 
t [hrs] Crack Length [μm] 
0 529 673 465 472 577 662 
0.25 536 680 468 475 597 704 
0.5 545 682 472 481 606 729 
1 549 695 473 479 607 722 
2 563 694 475 481 607 721 
3 572 699 488 491 613 754 
4 556 695 487 487 622 746 
5 564 706 492 475 621 750 





Appendix B: Extended Reference Flows for Monomer Synthesis 
Table B.3: Material/energy flows involved in producing 1 kg of benzene 
Category Reference Flow Amount Units 
Product Benzene, at plant 1 Kg 
Chemical 
usage 
Diesel, combusted in industrial equipment 0.003 L 
Natural gas (combusted in industrial boiler) 0.039 m3 
Natural gas processed for olefins production - offgas 0.022 Kg 
Petroleum refining for olefins production - offgas 0.016 Kg 
Petroleum refining for olefins production - material use 0.667 Kg 
Pyrolysis gasoline (at plant) 0.335 Kg 
Residual fuel oil (combusted in industrial boiler) 0.032 L 
Disposal Solid waste to sanitary landfill 4.25E-04 Kg Solid waste to municipal incineration 0.509E-04 Kg 
Electricity Electricity - natural gas turbine (at cogen) 0.010 kWh Electricity, U.S. grid(2008) 0.016 kWh 
Transport 
Barge (diesel) 0.037 t*km 
Barge (residual fuel oil powered) 0.125 t*km 
Combination Truck (diesel) 0.030 t*km 
Pipeline (petroleum products) 0.237 t*km 
Train (diesel) 0.151 t*km 
Chemical 
output (air) 
Carbon dioxide, fossil 0.045 Kg 
Sulfur Oxides 4.43E-04 Kg 
Nitrogen oxides 6.23E-05 Kg 
Particulates, unspecified 1.89E-05 Kg 
Carbon monoxide 1E-05 Kg 
NMVOC, non-methane volatile organic compounds 1E-05 Kg 
Particulates, <2.5 um 1E-05 Kg 
Particulates, >2.5 um, and <10um 1E-06 Kg 
Chlorine 1E-07 Kg 




COD, Chemical Oxygen Demand 1E-03 Kg 
BOD5, Biological Oxygen Demand 4.67E-04 Kg 
Dissolved Solids 1.05E-04 Kg 
Oil and grease, unspecified 1.78E-05 Kg 
Sulfide 1E-06 Kg 
Suspended solids, unspecified 1E-06 Kg 
TOC, Total Organic Carbon 1E-08 Kg 






Table B.4: Material/energy flows involved in producing 1 kg of styrene from benzene 
and ethylene 
Category Reference Flow Amount Units 
Product Styrene 1.277 kg 
Chemical 
usage 
Benzene 1 kg 
Ethylene 0.374 kg 
Natural gas (combusted in industrial boiler) 0.545 m3 
Electricity Congenerated at plant 2.816 kWh Electricity, U.S. grid(2008) 0.209 kWh 
Transport 
Pipeline (petroleum products) 0.074 t*km 
Barge (diesel) 0.043 t*km 
Barge (residual fuel oil powered) 0.142 t*km 




Carbon dioxide (fossil) 0.333 kg 
Carbon monoxide 3.4E-04 kg 
Nitrogen oxides 1E-04 kg 
Non-methane volatile organic compounds (NMVOC) 1E-05 kg 
Particulates, unspecified 1E-05 kg 
Suspended solids, unspecified 1E-05 kg 
Volatile organic compounds (VOC) 1.2E-05 kg 




Styrene 1E-06 kg 
Ethyl benzene 1E-06 kg 
*To be determined 
Table B.5: Chemical inventory of the production of phenol from 1 kg of benzene 
Category Reference Flow Amount Units 
Product(s) Phenol 1.152 kg 
Acetone 0.707 kg 
Chemical usage Benzene 1 kg 
Propylene 0.539 kg 
Intermediate Cumene 1.536 kg 
Electricity Heat & electricity (cumene 
production) 
0.682 kWh 
Heat & electricity (phenol 
production) 
* kWh 
Chemical output Cumene biproduct (unspefified) 0.003 kg 





Table B.6: Chemical inventories of the synthesis of 3,4-DMS from veratraldehyde 
following three different lab-scale methods and their resulting conversions.  
Method A: Dehydration of 5-(1'-hydroxyethyl)-1,3-benzodioxole 
Chemical Amount Conversion 
 3,4-DMS 7.8 g 
39% 
 Veratraldehyde 20 g 
 Magnesium 7 g 
 Methyl iodide 20 mL 
 Ether (anhydrous) 350 mL 
 Ammonium chloride (5%) 100 mL 
 Sodium bicarbonate (5%)   
 Water   
 Calcium choloride   
 1-(3,4-dimethoxyphenyl) ethan-1-ol 17.3 g 
 Potassium bisulfate 0.692 g 
 Cuprous chloride 0.692 g 
Method B: Wittig Methenation of Veratraldehyde 
Chemical Amount Conversion 
 3,4-DMS 2.4 g 
32% 
 Veratraldehyde 7.5 g 
 Methyltriphenylphosphonium bromide 18 g 
 Ether (anhydrous) 220 mL 
 n-butyllithium (0.05 mol in 2.6 M in hexanes) 20 mL 
 Water   
Method C: Wittig Reaction of Substituted Ylides with Formaldehyde 
Chemical  Amount Conversion 
 3,4-DMS 13.2 g 
88% 
 Veratryl alcohol 15 g 
 Thionyl chloride 17.6 g 
 Hydrogen chloride   
 Sulfur dioxide   
 3,4-dimethoxybenzyl chloride 13.4 g 
 Triphenylphosphine 20.8 g 
 Chloroform 80-90 mL 
 Ether (anhydrous) 0.8 L 
 3,4-methylenedioxybenzyltriphenyl phosphonium chloride 34 g 
 Formaldehyde (37%) 1 L 







Appendix C: Extended TRACI Outputs for PS and P[3,4-DHS-S] with 3% DHS  
Table C.7: TRACI outputs for 1.3 mm polystyrene sample 
Impact category Unit Total Benzene Styrene 
Global Warming kg CO2 eq 3.12E-04 9.51E-05 2.17E-04 
Acidification H+ moles eq 2.36E-07 3.42E-08 2.02E-07 
Carcinogenics kg benzene eq 2.36E-07 7.27E-08 1.63E-07 
Non 
carcinogenics kg toluene eq 2.15E-13 5.36E-15 2.10E-13 
Respiratory 
effects kg PM2.5 eq 4.81E-07 1.57E-07 3.24E-07 
Eutrophication kg N eq 5.36E-05 1.77E-05 3.59E-05 
Ozone depletion kg CFC-11 eq 5.74E-03 6.35E-04 5.11E-03 
Ecotoxicity kg 2,4-D eq 5.89E-08 1.42E-08 4.47E-08 













Table C.8: TRACI outputs for 1.3 and 0.8 mm P[3,4-DHS-S] sample with 3% DHS 
Impact category Unit Thickness Total Benzene Styrene Phenol Propylene Phosphoric acid 
Global Warming kg CO2 eq 
1.3 mm 9.38E-04 9.81E-05 2.06E-04 1.91E-05 5.02E-06 2.34E-08 
0.8 mm 3.61E-04 3.77E-05 7.93E-05 7.35E-06 1.93E-06 8.99E-09 
Acidification H+ moles eq 
1.3 mm 1.50E-04 1.83E-05 3.41E-05 3.14E-06 2.13E-06 4.16E-08 
0.8 mm 5.79E-05 7.04E-06 1.31E-05 1.21E-06 8.21E-07 1.60E-08 
Carcinogenics kg benzene eq 
1.3 mm 2.07E-06 3.53E-08 1.92E-07 5.51E-08 5.66E-09 8.45E-11 





1.3 mm 1.06E-02 6.54E-04 4.86E-03 1.46E-04 3.91E-05 5.94E-07 





1.3 mm 7.51E-07 7.50E-08 1.55E-07 1.54E-08 4.94E-10 2.35E-10 
0.8 mm 2.89E-07 2.88E-08 5.98E-08 5.93E-09 1.90E-10 9.02E-11 
Eutrophication kg N eq 
1.3 mm 4.40E-07 1.46E-08 4.26E-08 2.32E-08 7.15E-10 2.57E-11 
0.8 mm 1.69E-07 5.61E-09 1.64E-08 8.94E-09 2.75E-10 9.88E-12 
Ozone depletion kg CFC-11 eq 
1.3 mm 3.42E-08 5.52E-15 2.00E-13 4.80E-13 1.68E-11 2.38E-15 
0.8 mm 1.32E-08 2.12E-15 7.69E-14 1.85E-13 6.48E-12 9.17E-16 
Ecotoxicity kg 2,4-D eq 
1.3 mm 8.29E-04 2.28E-05 1.06E-04 1.31E-05 1.11E-06 3.35E-08 
0.8 mm 3.19E-04 8.77E-06 4.07E-05 5.04E-06 4.27E-07 1.29E-08 
Smog kg NOx eq 
1.3 mm 1.65E-06 1.62E-07 3.08E-07 5.01E-08 1.37E-08 7.59E-11 









Table C.9: TRACI outputs for 1.3 and 0.8 mm P[3,4-DHS-S] sample with 3% DHS (continued) 
Impact category Unit Thickness Total Benzene Styrene Phenol Propylene Phosphoric acid 
Global Warming kg CO2 eq 
1.3 mm 3.40E-06 4.97E-06 9.11E-05 1.73E-04 2.05E-04 1.32E-04 
0.8 mm 1.31E-06 1.91E-06 3.51E-05 6.65E-05 7.87E-05 5.10E-05 
Acidification H+ moles eq 
1.3 mm 6.90E-07 3.45E-06 1.41E-05 1.60E-05 2.64E-05 3.20E-05 
0.8 mm 2.65E-07 1.33E-06 5.43E-06 6.16E-06 1.02E-05 1.23E-05 
Carcinogenics kg benzene eq 
1.3 mm 7.62E-09 1.79E-08 1.02E-07 9.34E-07 3.42E-07 3.82E-07 
0.8 mm 2.93E-09 6.89E-09 3.92E-08 3.59E-07 1.32E-07 1.47E-07 
Non carcinogenics kg toluene eq 
1.3 mm 3.34E-05 7.38E-05 6.99E-04 1.02E-03 1.04E-03 2.05E-03 





1.3 mm 4.05E-09 1.72E-08 6.46E-08 9.59E-08 1.21E-07 2.01E-07 
0.8 mm 1.56E-09 6.61E-09 2.48E-08 3.69E-08 4.67E-08 7.73E-08 
Eutrophication kg N eq 
1.3 mm 8.28E-10 1.88E-08 2.09E-07 2.30E-08 5.65E-08 5.04E-08 
0.8 mm 3.18E-10 7.23E-09 8.04E-08 8.84E-09 2.17E-08 1.94E-08 
Ozone depletion kg CFC-11 eq 
1.3 mm 2.79E-13 6.12E-13 2.88E-12 3.41E-08 3.60E-11 8.05E-12 
0.8 mm 1.07E-13 2.35E-13 1.11E-12 1.31E-08 1.38E-11 3.10E-12 
Ecotoxicity kg 2,4-D eq 
1.3 mm 5.71E-06 7.05E-06 4.89E-05 1.48E-04 1.37E-04 3.40E-04 
0.8 mm 2.19E-06 2.71E-06 1.88E-05 5.68E-05 5.28E-05 1.31E-04 
Smog kg NOx eq 
1.3 mm 6.12E-09 1.14E-08 3.32E-07 1.34E-07 3.94E-07 2.41E-07 
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